The study attempts to measure the total benefits from rice varietal improvement research in China and India using variety adoption and performance data over the last two decades. It then uses genetic or pedigree information to partition the total benefits between these two countries and IRRI. Finally, the study uses reported elasticity of poverty reduction with respect to agricultural output growth to assess the effects of national and international research on poverty reduction in rural India and China. The results indicate that rice varietal improvement research has contributed tremendously to increase in rice production, accounting for 14-23 percent of total production value over the last two decades in both countries. Rice research has also helped reduce large numbers of rural poor. IRRI played a crucial role in these successes. In 1999, for every $1 million invested at IRRI, more than 800 and 15,000 rural poor were lifted above the poverty line in China and India, respectively. These poverty-reduction effects were even larger in the earlier years.
INTRODUCTION
Agricultural research played an important role in agricultural production and productivity growth in many developing countries. The Green Revolution in the 1960s in Asia is a typical case. High-yielding varieties released by national and international agricultural research centers substantially increased crop production in many Asian countries, which had powerful poverty reducing effects. The rural poor benefited directly from income increases as a result of production growth. In addition, rapid agricultural growth stimulated broader economic development that led to the regional economic boom of the 1980s and 1990s (Rosegrant and Hazell 2001) . Thus, rural poverty also declined through these indirect effects in the region, and the predicted food shortage never occurred. While there have been many studies on the effects of the Green Revolution on production and productivity growth in the 1970s and 1980s, the question today is whether these national and international efforts will continue to have high payoffs in further growth in agricultural production. 5 In addition, what role the Consultative Group for Hayami and Ruttan (1985) and Hazell and Ramasamy (1991) .
process has not been well documented. 6 Moreover, there have been few attempts to link agricultural research investments to rural poverty reduction. 7 This study is designed to help fill these gaps using the case of rice in India and China. The study measures the impact at national levels, taking account of the important ways, direct and indirect, in which the poor can be affected. Information on the poverty effects of agricultural research investments will help national and international policymakers mobilize resources and set priorities for agricultural research in the future. Rice is a major staple food crop for many developing countries, not only as a main source of calories but also as an important source of income and employment for many farmers, particularly poor households. For developing countries as a whole, rice accounted for 34 percent of cereal area and 47 percent of cereal production in 2000. Rice is, in fact, the dominant cereal in China and India, occupying 35 and 45 percent of total cereal area 6 CGIAR, created in 1971, is an association of public and private members supporting a system of 16 international agricultural centers that work in more than 100 countries. CGIAR's aim is to reduce hunger and poverty, improve human nutrition and health, and protect the environment. 7 Evenson and Gollin (2002) estimated economic returns to varietal improvement of CGIAR research.
respectively in 2000. For that same year, rice accounted for 45 and 57 percent of total cereal production in China and India.
China and India are the two leading rice-producing countries and have been so since 1961, the first year that data became available from FAOSTAT. In 2001, they jointly produced 53 percent of the world's rice on 48 percent of world rice area. In China and India, rice is the most important food crop, accounting for about 30 percent of food energy intake (FAO 2002).
The International Rice Research Institute (IRRI) has been collaborating with China and India for the past several decades. The major modes of collaboration have been joint research and exchanges of human resources, scientific information, and germplasm. We selected rice in these two countries to evaluate the total benefits from varietal improvement research, attempt to partition these benefits to IRRI and others, and estimate the contribution of rice breeding research to poverty reduction.
In contrast to the traditional econometric approach proposed by Griliches (1957) , this study uses extensive data on the adoption and performance of the rice varieties used by Chinese and Indian farmers to evaluate the total benefits from rice varietal improvement research. The study then relies on pedigree information to analyze how international agricultural research has contributed to productivity gains in Chinese and Indian rice production. Finally, the study uses the calculated benefits, together with poverty impact parameters reported in recent IFPRI studies, to assess indicatively how domestic and international rice research has contributed to poverty reduction.
RURAL POVERTY IN CHINA AND INDIA
Headcount ratio, the percentage of the population falling below the poverty line, is the most widely used measure of poverty incidence. The above discussion suggests that agricultural growth, including that spurred by agricultural research, plays a key role in reducing rural poverty. 9 After a farmer found a dwarf plant (only 70 cm tall) in 1956, Chinese scientists began the breeding program that led to the development of the first high-yielding dwarf variety of rice, Guang Chang Ai, in 1957, a few years before the foundation of IRRI (Shen 1980; Dalrymple 1986 ). Guang Chang Ai an Indica variety and its offspring were quickly adopted in southern China. The first semidwarf japonica variety introduced to China in 1957 was Nongken 58, a selection from a Japanese variety, which was crossed with various local varieties.
RICE RESEARCH AND RICE PRODUCTION
country to commercially use hybrid rice varieties. 10 Since then, the area under hybrid rice has increased steadily. In 1981, hybrid rice accounted for 23 percent of total rice production, but two decades later it accounted for 61 percent of total production.
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The more formal IRRI involvement in China's rice breeding program began in the 1970s although IR8 was introduced and tested in Guangdong in 1967. In the early 1970s, a delegation of Chinese officials visited the Philippines and was given a bag of rice seeds developed at IRRI. This marked the first formal cooperation between IRRI and China.
As a result of these national and international efforts, rice crop production in both
China and India has increased substantially for the past several decades. From 1961 to 2001, rice production grew at an average of 2.7 percent per year in India and by 2.6 percent per year in China, much higher than their respective population growth rates of 2.1 and 1.6 percent. Much of the increase in rice production was a result of a gain in yield.
In India, yield increase accounted for 77 percent of the total increase in rice production, while in China almost all the production increase came from yield increase. In India, yield doubled from .15 t/ha in 1961 to .30 t/ha in 2001, while in China yield tripled from .21 to .63 t/ha over the same period (Table 1 ). The development of improved or modern rice varieties in conjunction with irrigation and the greater use of modern inputs (such as fertilizer and pesticides) have been instrumental in achieving these yield increases. 10 In 1974, professor Yuan Long Ping, from the Hybrid Rice Research Center in Hunan, and his team successfully developed the first hybrid rice variety. 11 China has never officially published rice output by type. The shares reported here are calculated by the authors using area-by-variety data from the Ministry of Agriculture. Yield (kg ha 
RESEARCH BENEFITS AND CONTRIBUTION OF INTERNATIONAL RESEARCH
In this section, we quantify the economic impact arising from the development of improved rice varieties in India and China. We begin by estimating the total benefits from rice varietal improvement research irrespective of the sources of the gains. Next, we use genetic or pedigree information on each variety planted in the two countries to assess the contribution of IRRI to these benefits.
ESTIMATION OF BENEFITS
The economic benefits from rice varietal improvement research result mostly from the productivity gains that farmers experienced after adopting improved varieties.
Typically, measuring these benefits is based on comparing a "with research" scenario to a counterfactual scenario ( The first step toward measuring these benefits is to determine the gain in yield resulting from the development and adoption of HYVs. To isolate the genetic contribution of improved varieties to yield increase from other factors, we collected experimental yield data of adopted rice varieties in India and China. 12 Experimental yields have the advantage of holding many of the variables influencing yields constant, and hence may provide a good approximation of the genetic contribution to yield gains. Empirical evidence shows that absolute yields achieved in experimental trials are higher than those in farmers' fields. However, it is uncertain whether relative yield gains in trials are also greater (Heisey and Morris 2002; Pardey et al. 1996 ). Here we assume that the proportional gains achieved in experimental trials are representative of the proportional gains realized by farmers. Using the experimental yield data, we selected numeraire varieties specific to each country. The numeraire should be a variety that was widely adopted in either China or India before the establishment of their respective rice research programs, and which has been grown as a control variety at research stations ever since.
We then compute the yield premium of newer adopted varieties against the numeraire variety. 13 Suppose that before variety B was released, it was tested against the numeraire variety, A. The yield premium of variety B is given by
where P B is the yield premium of variety B, Y B the yield of variety B, and Y A is the yield of the numeraire variety A. As the check variety used in experimental trials changes over time, we use the chain rule to link back to the numeraire variety A. Thus before variety C was released, variety B was used as a check variety. The yield premium of variety C over the numeraire variety A is given by
Note that Y B and Y B' are not equal since they are the yields of the same variety tested at different times. While the yield premium gives the relative gain in yield, the absolute yield gain of variety C against the numeraire variety A is estimated as follows: where CP rt is the counterfactual price at region r and time t, P r2000 is the price of rice in region r in 2000, and k rt is the supply shift in region r and time t. Under neutral technical change with fixed factor proportions, the percentage increase in experimental yield P IRT translates into an equal, proportional, rightward shift in supply (Alston et al.1995, 339 1B ). This is because the increased use of inputs such as fertilizer also contributed to farm yield, while the increased use of inputs has been controlled for in the experimental tests. In 1981, Indica rice accounted for 72 percent of the total rice research benefits, while Japonica and hybrid rice accounted for 4 and 24 percent, respectively. In 2000, 72 percent of the rice research benefits were attributed to hybrid rice, whereas the share of Indica rice declined to only 16 percent and Japonica rice accounted for 12 percent. India's research benefits as a share of total rice production value ranged between 20 and 24 percent between 1991 and 2000 (Table 3 ). In China, rice research benefits accounted for a similar share of rice production value, averaging 20.1 percent in 1981 and 17.1 percent in 2000. To attribute the shares of the rice benefits to IRRI, we followed the method described in Pardey et al. (1996) , which developed various rules to attribute benefits to a specific research or breeding program, in this case to IRRI research. These rules take into Using these various attribution rules, we present in Table 5 the contribution of IRRI to the total benefits from rice varietal improvement research in India and China.
IRRI accounted for a sizable share of rice research benefits in India. In contrast, the share of the rice benefits attributable to IRRI was smaller in China.
IRRI's varieties were mostly used as breeding materials in China and were not directly Table 6 compares the benefits and costs of IRRI's research. The benefits attributed to IRRI using the geometricattribution rule are presented next to IRRI's total budget and China's and India's contribution to IRRI. The geometric attribution is one of the most conservative rules, taking into account not only the recent crosses but also past breeding efforts. More weights assigned to the recent crosses than the earlier ones attribute more benefits to the national agricultural research system than to IRRI. Even using this conservative rule, the benefits from IRRI's research in India and China well exceed both countries' contributions. In 2000, benefits attributed to IRRI are 684 times China's funding contribution to IRRI while they are over 4,000 times India's. The benefits from IRRI research in China were nearly threefold greater than IRRI's budget, while in India the benefits were 20-fold greater than IRRI's total budget.
Total benefits attributed to IRRI from China and India are $761 million in 2000. This amount is twice as large as CGIAR's annual budget.
IMPACT ON POVERTY
New technology resulting from agricultural research can help alleviate poverty in several ways. First, following the releases of new and improved cultivars, farmers can produce more output at the same cost (or the same level of output at a lower cost), which directly improve farmers' income (Kerr and Kolavalli 1999) . Second, the diffusion of modern varieties resulted in lower food prices as demonstrated in a number of studies such as Ruttan (1977) , Lipton and Longhurst (1989) , and more recently Datt and Ravallion (1998) . This is critical given that the poorest people spent a large share of their income on food. Third, the productivity consequences of improved varieties resulted in greater demand for labor and wages. Hossain (1988) , for example, studied the effects of technological progress in rice cultivation in Bangladesh, and found that the poor benefited from the new technology as a result of greater employment opportunities as well as the upward pressure on wage rate in the labor market. This finding concurs with a number of past studies such as Jayasuriya and Shand (1986), Quizon and Binswanger (1986), Basant (1987), Acharya (1989) , and David and Otsuka (1994).
The benefits arising from rice varietal improvement research are distributed between producers and consumers. Producers gain from expanded production due to reduced production cost. On the other hand, they may lose due to lowered price. The net gain by producers can be either positive or negative. For consumers, their gain will always be positive due to lowered price. This study focuses on the impact on rural poor. The benefits to urban poor can be equally large as Fan (2003) , and Fan, Fang, and Zhang The estimated poverty equation in the cited system shows that with every 1 percent increase in agricultural production or productivity growth, the total number of rural poor in India is reduced by 0.241 percent as a result of all direct and indirect effects. Using this total elasticity, we can calculate the marginal impact of an additional unit in agricultural production value on poverty reduction. Multiplying this marginal poverty impact by the estimated productivity benefits from rice research gives the total number of poor reduced due to rice variety improvement research. Table 7 shows the estimated results for India.
The number of poor reduced as a result of rice varietal improvement research increased from 4.95 million in 1991 to 4.81 million in 1997 then declined to 3.06 million in 1999. This annual reduction expressed as a percentage of total rural poor ranges from 2.12 percent in 1991 to 1.81 percent in 1999. Turning to the impact of IRRI varietal improvement research on rural poverty reduction, Table 7 shows that in 1991, some 2.73 million rural poor were lifted above the poverty line because of IRRI's research. In 1999, the estimated reduction of rural poor due to IRRI varietal improvement research was some 0.56 million. We also calculated the reduction in the poor per $1 million of IRRI spending (Table 7) . We simply divided the total number of poor reduced due to IRRI's research by IRRI's annual spending. 16 For India, every $1 million invested by IRRI lifted 59,040
above the poverty line in 1991, and 15,490 in 1999. There is no sign of any significant decline in the poverty-reduction effects of rice varietal improvement research, suggesting that rice research will continue to be a factor in promoting rural poverty reduction in the future. 16 A more complete analysis would have allowed for the lagged relationships between agricultural research expenditures and their productivity increases by calculating research stocks from past investment data and using estimated lagged structures (as in Fan, Hazell, and Thorat (2000) and Fan, Zhang, and Zhang (2002) The total reduction in rural poor through rice research in China has been much larger than that in India (Table 8) . 
CONCLUSIONS
The Green Revolution, characterized by the adoption of HYVs, resulted in very high economic payoff and contributed to the eradication of starvation and hunger in many Asian developing countries. However, the question remains whether Green Revolution technology still has positive economic returns today and how it has helped to reduce rural poverty. Using varietal adoption and performance data, this study calculated the total benefits from rice varietal improvement research in China and India for the past two decades. We then used genetic or pedigree information to partition the total benefits between these two countries and IRRI. Finally, we used reported elasticity of poverty reduction with respect to agricultural output growth to assess the effects of national and international research on poverty reduction in rural India and China.
The results indicated that rice varietal improvement research has contributed tremendously to increased rice production in both countries. In China, research benefits as a share of rice production value range from 14 to 20 percent. 17 In India, they range from 20 to 24 percent. In both countries, the benefits produced just from rice research are, on average, 10 times higher than their respective total agricultural research investment.
Rice research has also helped reduce large numbers of rural poor. 18 Without research investments in rice, the number of poor would be much higher today. For every $1 million invested at IRRI in 1999, more than 800 and 15,000 rural poor were lifted above the poverty line in China and India respectively. A similar or even larger poverty impact is observed in Indonesia, Vietnam, and Bangladesh, although formal analyses have not been done yet in these countries.
However, most of these benefits are the results of research conducted in the 1960s, Together with improvements in rural infrastructure, education, and health, agricultural research will play an even larger role in the future in reducing poverty in developing countries. However, increased and stable funding for national and international agricultural research will be necessary to reduce both rural and urban poverty. 
